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Abstract The Paleozoic to early Mesozoic southern New England Orogen of eastern Australia exhibits a
remarkable ear-shaped curvature (orocline), but the geodynamic processes responsible for its formation
are unclear. Oroclinal bending took place during the early Permian, simultaneously with the deposition of the
rift-related Sydney, Gunnedah, and Bowen basins, which bound the oroclines to the west. The Nambucca
Block is another early Permian rift basin, but it is situated in the core of the oroclinal structure. Here we
present new stratigraphic, structural, and geochronological data from the Nambucca Block in an attempt to
better understand its tectonic history and relationships to the formation of the oroclines. We recognized four
phases of folding and associated structural fabrics (S1–4), with the second phase (S2) dated at 275–265Ma by
40Ar/39Ar geochronology of muscovite. This age overlaps with independent constraints on the timing of
oroclinal bending, suggesting that the earlier two phases of deformation in the Nambucca Block (F1 and F2)
were associated with orocline formation. We propose that oroclinal bending involved three major stages.
The ﬁrst stage (<300Ma) was associated with variations in rates of trench rollback and formation of rift basins
in a hot extensional back-arc setting. This was followed by a second stage of oroclinal bending, possibly
linked to dextral wrench faulting, which involved~N-S contraction (F1). Subsequent deformation at
275–265Ma involved formation of nappe-style structures (F2). This phase of contractional deformation
may have resulted from an increased plate coupling that was possibly linked to ﬂat-slab subduction.
1. Introduction
Curved orogenic belts, normally referred to as oroclines [Carey, 1955], have received much attention in recent
literature [Marshak, 2004; Van Der Voo, 2004; Johnston et al., 2013; Weil et al., 2013]. Based on studied
examples, various tectonic mechanisms have been proposed to explain the formation of oroclines, including
perturbations in thin-skinned fold-and-thrust belts [Marshak, 1988, 2004], tectonic indentation [Tapponnier
et al., 1982; Eldredge et al., 1985], strike-slip faulting [Kamp, 1987], lithospheric-scale buckling [Weil et al.,
2013], and subduction rollback [Rosenbaum, 2014]. Some oroclines, such as the New England oroclines in
eastern Australia, are characterized by particularly complex geometries, and their formation mechanisms are
not yet understood.
The New England Orogen (NEO) is the youngest orogenic component in eastern Australia [Cawood, 2005;
Glen, 2005]. The majority of the rocks in the NEO are associated with a Devonian to Triassic suprasubduction
environment, with a minor occurrence of earlier tectonic elements. The Devonian-Carboniferous rocks are
attributed to a volcanic arc and a fore-arc region (fore-arc basin and accretionary complex, Figure 1c) [Leitch,
1975a; Day et al., 1978], whereas younger rocks (late Permian to Triassic calc-alkaline volcanic rocks and I-type
granitoids) are mainly associated with subduction-related magmatism [Shaw and Flood, 1981]. In addition,
early Permian granitoids and sedimentary rocks also occur in the NEO, with two vital observations indicating
that a major geodynamic change took place in the NEO during the early Permian.
First, during the early Permian, the whole of eastern Australia was subjected to extension, which gave rise
to the formation of widespread rift systems (e.g., Bowen, Gunnedah, and Sydney basins) [Korsch et al.,
2009a]. In the NEO, extension was accompanied by enhanced heat ﬂow, which resulted in melting of
the former accretionary complex and the emplacement of S-type granitoids [Shaw and Flood, 1981;
Jeon et al., 2012; Rosenbaum et al., 2012]. In addition, early Permian rift-related sedimentary rocks,
collectively referred to as the Barnard Basin [Leitch, 1988], were deposited unconformably on the
Devonian-Carboniferous accretionary complex of the southern NEO. The preservation of the Barnard Basin
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is limited to a number of isolated blocks (Figure 1b) comprising clastic sedimentary rocks intercalated
by volcanic units [Asthana and Leitch, 1985; Leitch, 1988; Cawood et al., 2011a; Adams et al., 2013].
The formation of this basin and its deformational history may provide a key to understanding the
development of the New England oroclines during the early Permian. Second, the southern NEO was
subjected to orogenic bending, which gave rise to an ear-shaped oroclinal structure (Figure 1) [Cawood
et al., 2011b; Glen and Roberts, 2012; Rosenbaum, 2012]. The exact geometry of the orocline and its
formation mechanisms are still debated, but the timing of oroclinal bending is constrained to the early to
middle Permian (300–260Ma) [Rosenbaum et al., 2012].
The Nambucca Block, which is situated in the “core” of the New England oroclinal structure (Figures 1b and 1c),
is the largest exposure of the early Permian Barnard Basin [Leitch, 1978, 1988; Leitch and McDougall, 1979;
Korsch and Harrington, 1987; Johnston et al., 2002; Adams et al., 2013]. The tectonic setting that led to
sedimentation in the Nambucca Block and its relationship with the oroclinal bending are still unresolved.
In addition, structures within the Nambucca Block possibly provide information on the deformation
associated with oroclinal bending [Ofﬂer and Foster, 2008; Cawood et al., 2011b].
The aim of this paper is to unravel the possible role that the Nambucca Block played in the formation of the
New England oroclines. We present new structural observations from the Nambucca Block and 40Ar/39Ar
ages of deformation. These results provide new insights into the origin and deformation of the Nambucca
Block, which further constrain the tectonic evolution of the New England oroclines.
2. Geological Setting
The New England orocline, which occurs in the southern part of the NEO (Figure 1), is characterized by four
bends that are recognized in the traces of bedding, structural fabrics, and magnetic fabrics [Li et al., 2012b;
Rosenbaum, 2012; Mochales et al., 2012; Li and Rosenbaum, 2014]. In the northern part of the system, a
Z-shaped curvature is known as the Texas and Coffs Harbour oroclines (Figure 1c) [Korsch and Harrington,
1987;Murray et al., 1987; Lennox and Flood, 1997; Ofﬂer and Foster, 2008; Li et al., 2012b]. The southern part of
Figure 1. (a) Simpliﬁed tectonic map of eastern Australia showing the location of the New England Orogen within the Tasmanides [afterMyers et al., 1996; Glen, 2005;
Cawood and Korsch, 2008]. Purple line indicates the structural grain of the New England oroclines. (b) Aeromagnetic gridded data of the southern NEO (from
Geoscience Australia). Yellow line indicates the inferred minimal spatial distribution of the Barnard Basin. (c) Geological map of the southern NEO highlighting
mid-Permian and older rocks. Abbreviations: Cl - Clarence-Moreton Basin; Em - Emu Creek Block; Gr - Gresford Block; Ha - Hastings Block; Mb - Mount Barney;
My - Myall Block; Na - Nambucca Block; Rc - Rocky Creek Block; Ro - Rouchel Block; We - Werrie Block.
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the structure consists of a less obvious S-shaped bend known as the Manning and Nambucca/Hastings
oroclines (Figure 1c) [Cawood et al., 2011b; Glen and Roberts, 2012; Rosenbaum, 2012; Rosenbaum et al., 2012].
A number of independent tectonic elements deﬁne the oroclinal structure [Rosenbaum, 2012]. A narrow
belt of early Paleozoic serpentinites, cropping out along the boundary between Devonian-Carboniferous
fore-arc basin rocks and the accretionary complex (e.g., Peel-Manning fault system, Figure 1c) [Aitchison
et al., 1994], is curved and is clearly visible in magnetic images (Figure 1b). The Devonian-Carboniferous
fore-arc basin (Tamworth Belt) is exposed between the Peel-Manning and Hunter-Mooki faults, with its
continuation toward the Hastings Block deﬁning the Manning Orocline (Figure 1c). The northeastern
continuation of the fore-arc basin is mostly concealed beneath younger sedimentary cover with the
exception of the exposed Emu Creek Block and Mount Barney inlier (Figure 1c). Rocks of the Devonian-
Carboniferous accretionary complex (Tablelands Complex) occupy most of the central part of the
oroclinal structure, and their structural fabrics mark the orogenic curvatures [Lennox and Flood, 1997;
Li et al., 2012b; Li and Rosenbaum, 2014]. A belt of early Permian S-type granitoids (Figure 1c), which
was emplaced at 298–288Ma [Rosenbaum et al., 2012], traces the curved trend and marks the structure
of the Texas, Manning and Nambucca/Hastings oroclines. The map-scale curvature of this belt indicates
that oroclinal bending occurred during or after the emplacement of these granitoids [Rosenbaum et al.,
2012]. Younger, late Permian to Triassic (260–230Ma) magmatic rocks crosscut the oroclinal structure,
Figure 2. Simpliﬁed geologic map of the coastline of the Nambucca Block [after Brunker et al., 1970; Leitch et al., 1971; Gilligan et al., 1987, 1992]. Observed
deformation features are plotted adjacent to each site, forming a time-space diagram for the distribution of deformation features. Symbols shown in the legend
appear in Figures 3–7. The different levels of opacity in the stereographic projections reﬂect the conﬁdence level assigned to each measurement in the ﬁeld. Best
ﬁt girdles are marked in dashed grey andmean value in black great circle. Trend lines of dominant structural fabrics are plotted and extrapolated in the vicinity of the
mapped outcrops.
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thus providing a minimum age for the timing of oroclinal bending [Cawood et al., 2011a; Rosenbaum
et al., 2012]. A phase of contractional deformation, normally refers to the Hunter-Bowen phase [Collins,
1991; Holcombe et al., 1997; Korsch et al., 2009b; Li et al., 2012a], overlaps with the late Permian to
Triassic magmatism and therefore postdates the bulk formation of the New England oroclines.
The Nambucca Block is situated between the Coffs Harbour Orocline and the Nambucca/Hastings Orocline
and occupies an area of approximately 7500 km2 (Figure 1c). The boundaries of the block are not fully deﬁned
due to poor outcrop conditions and lack of high-resolution magnetic and gravity data. The Bellingen
Fault (Figures 1c and 2) separates the Nambucca Block from Devonian-Carboniferous accretionary complex
rocks of the Coffs Harbour Association (part of the Tablelands Complex) to the north [Leitch et al., 1971; Leitch
and Asthana, 1985]. In a map view, the Bellingen Fault has a linear appearance across topography, suggesting
that it has a subvertical geometry. However, direct observations on the geometry and kinematics of the
Bellingen Fault have not been reported. South of the Nambucca Block is the Devonian-Carboniferous
Hastings Block, which is considered to be a displaced segment of the fore-arc basin [Roberts and Engel, 1987;
Roberts et al., 1995]. To the west, the Nambucca Block is bounded by Devonian-Carboniferous accretionary
wedge rocks of the Tablelands Complex (Figure 1c).
Rocks in the Nambucca Block consist of a variably deformed clastic sequence of varying grain sizes (boulders
to clay). The thickness of the sequence was estimated to be at least 5 km [Leitch, 1975b, 1978]. Rocks were
subjected to low-grade (up to low-greenschist facies) regional metamorphism [Leitch, 1975b, 1978; Leitch and
McDougall, 1979; Gilligan et al., 1992; Ofﬂer and Brime, 1994], with estimated maximum temperatures of
250–350°C [Ofﬂer and Brime, 1994]. Five phases of ductile deformation were described by Leitch [1978] and
Johnston et al. [2002] with the ﬁrst ones involving higher strain. However, the correlation between observed
deformation features across the block is not entirely understood. In order to better understand the structure
of the Nambucca Block, we produced structural maps at scales of 1:450 to 1:1000 for coastal outcrops
between the towns of Coffs Harbour and Port Macquarie (Figure 2). The maps are presented in Figures 3–7
and discussed in the following sections.
Figure 3. Bundagen Headlands and Tuckers Rock structural maps and poles to structural fabrics (equal area lower hemisphere stereographic projections).
For legend, see Figure 2.
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Figure 4. Wenona Heads and Hungry Head structural maps and poles to structural fabrics (equal area lower hemisphere stereographic projections). For legend,
see Figure 2.
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3. Stratigraphy, Lithology, and Petrography
The coastal transect across the block shows a general trend of ﬁning toward the north, with conglomerates
(Figure 8d) and sandstone (Figure 8c) dominating the southern part of the block (Crescent Head to Grassy
Head, Figures 2, 6, and 7), and pelitic rocks (Figures 8a and 8b) dominating the northern part (Nambucca
Heads to Bundagen Headlands, Figures 2–5). In the northern part of the block, original traces of bedding
(S0) are transposed to the orientation of the structural fabrics. In the southern part, bedding is clearly
recognized and is generally dipping to the northwest (Figures 6 and 7). Sedimentary structures, such as
cross-bedding and graded-bedding, were found in the southern outcrops (e.g., Crescent Head, Korogoro,
and Smoky Cape) and in inland outcrops (e.g., coordinates: 0437752/6568951). They indicate a regional
normal younging direction (right-way-up), meaning that the base of the sequence is in the southeastern
part of the block. The observed ﬁning upward trend, therefore, seems to reﬂect basin development.
The pelitic rocks in the northern part of the Nambucca Block consist of foliated quartz-mica domains that vary
in thickness from fractions of a millimeter (i.e., the alignment of single-mica grains) to centimeter-scale
alternating domains. The quartz domains have varying grain sizes (up to 0.05mm), with individual grains
showing undulose extinction. The mica domains consist of muscovite, minor biotite, and oxides.
The sandstones consist mainly of angular polymodal quartz grains with mica (biotite and muscovite),
lithic fragments, feldspars (mainly plagioclase), and opaque minerals. Quartz grains show undulose
extinction. There are no pores, and the matrix consists of microcrystalline quartz. Postdeformation quartz
Figure 5. Valla Beach and Nambucca Heads structural maps and stereographic projections (equal area lower hemisphere). For legend, see Figure 2.
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veins can be recognized in outcrops and
in thin sections. These differ from the
quartz grains in the sandstone by
having parallel extinction, indicating
postdeformation precipitation. Accessory
zircons are also observed.
Conglomerates in the southern outcrops
alternate between matrix- and clast-
supported textures. The clasts include
sedimentary, plutonic, and volcanic
lithologies and show variations in the
chemical and physical maturity. The
presence of immature clasts indicates
relative proximity of the source material
to the basin depocenter.
4. Deformation and
Overprinting Relationships
The relatively ﬁne grained beds of the
northern part of the Nambucca Block are
characterized by strong slaty cleavage
and multiple overprinting relationships
(Figures 8b, 9, 10c, and 10d). In contrast,
the coarser conglomerate and sandstone
beds in the southern part preserve
primary bedding planes, and mesoscopic
folding, but only rarely record penetrative
(incipient) structural fabrics (Figures 2 and
11–13). Penetrative deformation fabrics in
the southern part are recognized within
the hinges of mesoscopic folds
(Figure 10a). Our observations are
generally in agreement with previous
studies [Leitch, 1978; Johnston et al., 2002]
and provide further evidence for
mesoscopic folding in the southern part
of the Nambucca Block.
Figure 6. Smoky Cape structural map, stereo-
graphic projections (equal area lower hemi-
sphere stereographic projections), and
schematic cross section. The top stereographic
projection shows poles to bedding in two
recumbent folds located in the central (grey,
Figure 11) and northern (purple, Figure 12) parts
of the mapping area. The great circles mark the
best ﬁt, and stars mark the β axis (horizontal,
050–070° trend). The axial surfaces of the folds
vary and dip less than 30° northwest (marked in
grey). On the A-A’ schematic cross section, black
lines represent projected measurements and
ﬁeld observations, and grey lines are interpreted
structures. For legend, see Figure 2.
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4.1. First Generation of Folding (F1)
The ﬁrst generation of folding (F1) is recognized both in mesoscopic folds (Figure 13) and slaty cleavage (S1).
Mesoscopic F1 folds and microscopic slaty cleavage are best recognized in Grassy Head (Figures 2 and 13).
The folds are asymmetric, rounded, and open, with wavelengths of ~10m. The folds are generally upright,
with steeply inclined E-W striking axial surface. S1 slaty cleavage is also recognized within F2 microlithons in
northern coastal outcrops (Valla Beach, Wenona Head, and Bundagen Headlands, Figures 2 and 10b).
4.2. Second Generation of Folding (F2)
The second generation of folds (F2) produced subhorizontal to gently inclined, northwest dipping, axial
surfaces. These axial surfaces are associated with tight and rounded-to-angular recumbent folds (Figures 8a,
11, and 12) and subhorizontal to gently inclined slaty to spaced cleavage (S2) (Figures 8b and 10a–10c). The
wavelength and amplitude of the recumbent folds vary from tens of meters (Figures 11 and 12) to
microscopic folds (Figure 8a).
A number of F2 mesoscopic recumbent folds were mapped at different sites along the southern coastal
outcrops of the Nambucca Block (Figures 6 and 7). The folds are conﬁned to speciﬁc layers and are bounded
by subhorizontal to gently inclined décollements (Figure 12). Fold hinges trend 050° to 070°, and the axial
surfaces are dipping less than 30° to the northwest (see Figure 11 and top stereonet in Figure 6). Mesoscopic
and microscopic (Figure 8a) recumbent folds with roughly similar orientations were found in the northern
and central outcrops (Grassy Head, Hungry Head, and north Wenona, Figure 2). The similar orientation of
these folds and associated development of incipient subhorizontal to gently inclined axial surface fabric (e.g.,
in proximity of the fold hinge in Smoky Cape, Figure 10a) indicate that the folds are tectonic in origin, rather
than sedimentary. These observations also suggest that the penetrative subhorizontal to gently inclined
cleavage in the northern outcrops may correspond to this generation of folding. S2 is the dominant structural
Figure 7. Korogoro and Crescent Head structural maps and stereographic projections (equal area lower hemisphere
stereographic projections). For legend, see Figure 2.
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fabric in most of the pelitic outcrops in the northern part of the Nambucca Block (Figures 8b, 10b, and 10d).
The fabric consists of quartz-mica domains, and it contains stretching lineation (L2) deﬁned by elongated
quartz aggregates that trends roughly E-W (Figures 5).
At Smoky Cape, rounded open upright folds were mapped, with axial surfaces striking NE-SW at
approximately the same orientation as the F2 recumbent folds (Figure 6). It is unclear whether these folds
developed during the same deformation phase or during a younger phase of folding.
Figure 8. (a) Photomicrograph of a slate from North Wenona, showing a microscopic F2 recumbent fold on a vertical north-
south plane. (b) Photomicrographs of two perpendicular vertical sections of a slate from Hungry Head. The right image
(N-S section) shows horizontal S2 quartz-mica domains. The left image (E-W section) shows overprinting relations between S2,
S3, and S4. (c) Sandstone in an overturned bed from Smoky Cape. Note that quartz grains vary in size and angularity. Lithic
fragments, feldspar, mica (muscovite and biotite), and opaque minerals (oxides) are abundant. The photograph in the right
shows overturned cross-bedding. (d) Conglomerate from Korogoro showing a polimodalic texture.
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4.3. Third Generation of Folding (F3)
The third generation of folds (F3) has affected all previous foliations, as well as abundant post F2
quartz veins. It is characterized by rounded tight folds with steeply inclined axial surfaces and crenulation
cleavage planes (S3) that strike ~NNW-SSE and vary spatially in intensity and orientation (Figures 2–5
and 8b). The spaces between the F3 cleavage planes and their orientation vary spatially, forming
closely spaced F3 domains (millimeter to centimeter scale) and microlithons that preserve earlier fabrics
(Figures 9 and 10c). The F3 folding phase seems to be milder than the previous ones, as indicated by the
spaced cleavage.
Scanning electron microscope microstructural analyses from Nambucca Heads show evidence for
progressive rotations from an earlier fabric orientation to the S3 orientation. Truncated quartz grains indicate
that pressure solution was a primary deformation mechanism (Figure 9). Furthermore, EDS (energy disperse
system X-ray) analysis of mica grains from different foliation planes (S2 and S3) within a single sample shows
that both grains are indistinguishable. Mica grains from both foliation planes appear to have a similar
muscovite (KAl2(AlSi3O10)(OH)2) composition, possibly with some paragonite (NaAl2(AlSi3O10)(OH)2) and/or
magnesium and sodium substitution (Figure 9).
In Smoky Cape, rounded upright F3 mesoscopic folds are oriented NW-SE, i.e., approximately normal to the
mesoscopic F2 folds. Superposition of these F3 folds and the F2 upright folds (see section 4.2) forms
mesoscale domes-and-basins interference patterns.
4.4. Fourth Generation of Folding (F4)
The fourth generation of folds (F4) forms~NE-SW striking, moderately inclined axial surfaces and
crenulation cleavage planes (S4) that vary spatially in intensity and orientation (Figures 2–5, 8b, and 10c).
The folds are tight to isoclinal with rounded to angular hinges. The S4 fabric seems to be more developed in
S3 microlithons and in areas where the expression of the F3 phase is lower strain. Mesoscopic domes-
and-basins interference patterns of F3 and F4 were locally observed (Figure 10d). The relative orientations of
Figure 9. A scanning electron microscope image (JEOL JSM-6460LA, 15 keV backscatter detector) and X-ray analyses (energy dispersive spectroscope) of the sample
from Nambucca Heads that was dated by the 40Ar/39Ar technique. The image shows crenulations of the S2 fabric and rotations of muscovite grains toward the S3
planes. Truncated quartz grains (bottom right) indicate pressure solution. Crosses mark sites of the elemental composition analyses.
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F3 and F4 vary from close to right angles to subparallel (Figures 3–5). The resemblance in intensity and
orientation between F3 and F4 makes it difﬁcult to distinguish between them, unless both structural fabrics
are recognized in the same outcrop with S4 overprinting S3.
5. 40Ar/39Ar Geochronology
In order to further constrain the timing of deformation in the Nambucca Block, we conducted 40Ar/39Ar
geochronology on muscovite from a mica-quartz slate from Nambucca Heads (sample NE1034, see location
in Figure 5). The sample exhibits well-developed crenulated S2 and S3 orientation domains (Figure 9), with the
S3 domains characterized by black pressure solution seams that possibly contain remnants of crenulated S2.
The S2 and S3 domains were microdrilled, and two microsamples were extracted from each domain. After
crushing the microsamples in a percussion mill and washing them in distilled water and absolute ethanol, we
Figure 10. Penetrative structural fabrics from the Nambucca Block. (a) Spaced S2 cleavage in an overturned sandstone bed
close to the hinge of a recumbent fold in Smoky Cape. (b) Vertical S1 crenulations within horizontal S2 microlithons
(Wenona Heads). (c) Overprinting relationships between S2 (black), S3 (yellow), and S4 (red) at Nambucca Heads. (d)
Interference patterns of F3 and F4 folds forming domes-and-basins structures (Valla Beach). The diameters of the coin and
hand lens are 25mm and 21mm, respectively.
Figure 11. (top) Panoramic view of the central recumbent fold at Smoky Cape and (bottom) traces of observed bedding.
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used a binocular microscope to
select ~ 2mm muscovite-quartz
aggregates from S2 (NE1034-1 and
NE1034-4) and muscovite-oxide
aggregates from the S3 domains (NE1034-2
and NE1034-5). The selected aggregates
were loaded into a 21-pit aluminum disk
following the geometry described in
Vasconcelos et al. [2002]. The disk was closed
by an aluminum lid and wrapped in
aluminum foil and vacuum heat sealed in
quartz vials. The samples were then
irradiated for 14 h at the B-1 CLICIT facility,
TRIGA reactor, Oregon State University, USA.
40Ar/39Ar analysis was conducted at the
University of Queensland Argon
Geochronology lab in the Earth Sciences
laboratory by a laser incremental heating,
following the procedures detailed in
Vasconcelos et al. [2002]. Two aggregates
were analyzed for each sample. Analytical
results are shown in Figure 14 and Table S1
in the supporting information. Plateaus
were deﬁned as a sequence of three or
more steps, which correspond to at least
50% of the total 39Ar released and with age
values that are within 2σ from the mean
calculated value (weighting with inverse
variance) [Fleck et al., 1977]. Plateau age
errors are reported at the 95% conﬁdence
level (2σ) and include the errors in the
irradiation correction factors and the error
in J, but do not include the uncertainty in
the potassium decay constants. If a sample
does not reach a plateau as deﬁned above
(e.g., either the amount of gas is <50% or
the contiguous steps are not within 2σ
error) but yield ages that form a ﬂat
segment in the incremental heating
spectrum, we calculate pseudo plateau
ages (marked with *) for the ﬂat segment.
All samples from Nambucca Heads yielded
ascending spectra that reach plateau or
plateau-like segments at high
temperatures and the deﬁned ages
illustrated in Figure 14. An integrated age
calculated by combining the results from
all incremental heating age steps is also
reported for each aggregate (Figure 14).
The two aggregates from NE1034-1
(S2 cleavage zone) yield two concordant
plateau and plateau-like ages of 269 ± 2Ma
and 272 ± 4Ma (Figures 14a and 14b),
Figure 12. The northern recumbent fold at Smoky Cape overlying a
décollement. Hammer is 27 cm long.
Figure 13. Mesoscopic F1 open folds at Grassy Head, exhibiting stee-
ply inclined east-west striking axial surfaces. Yellow lines highlight
observed traces of bedding.
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Figure 14. 40Ar/39Ar step heating results from Nambucca Heads, including incremental heating spectra, ideograms (age probability density plots), and 40Ar/39Ar
versus 36Ar/40Ar isotope correlation diagrams (inverse isochrones). The ideograms reﬂect the statistically most valid age for the entire population of apparent age
steps in the incremental heating spectra obtained for the two grains analyzed from each sample. (a–d) Sample NE1034-1 from an S2 cleavage domain. (e–h) Sample
NE1034-4 from an S2 cleavage domain. (i–l) Sample NE1034-2 from an S3 cleavage domain. (m–o) Sample NE1034-5 from an S3 cleavage domain.
Tectonics 10.1002/2013TC003426
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Figure 14. (continued)
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which are compatible with the age of 267 ± 2Ma from a probability density plot (Figure 14c) and the inverse
isochron age of 269.0 ± 2.0Ma (Figure 14d). The other sample (NE1034-4) from the S2 cleavage zone yields
two slightly older plateau-like ages at 273 ± 4Ma and 275± 2Ma (Figures 14e and 14f), also compatible with
the age deﬁned by a probability density plot (275.3 ± 1.9Ma; Figure 14g) and the inverse isochron age
(275.1 ± 2.0Ma; Figure 14h). The older apparent ages (e.g., steps C and D in Figure 14i) possibly represent 39Ar
recoil or excess argon, as indicated by the deviation in the isochron age for these steps (e.g., Figure 14l).
Samples from the S3 cleavage domains show an age range that overlaps with the ages from S2 cleavage
domains. NE1034-2 yields two plateau-like ages of 268 ± 3Ma and 268.9 ± 2.0Ma (Figures 14i and 14j), which
are in agreement with the age of 268.2 ± 1.7Ma from a probability density plot (Figure 14k) and the inverse
isochron age of 268.8 ± 1.8Ma (Figure 14l). Two aggregates from NE1034-5 yield plateau-like ages of
265.4 ± 1.7Ma and 268.9 ± 2.0Ma (Figures 14m and 14n), which again overlap with the age of 265.1 ± 1.6Ma
from the probability density plot (Figure 14o).
6. Discussion
6.1. Interpretation of the 40Ar/39Ar Results
Rocks in the Nambucca Block, including the dated sample from Nambucca Heads, were subjected to low-
greenschist facies metamorphic conditions with temperatures that did not exceed 350°C [Ofﬂer and Brime,
1994]. This temperature is below the closing temperature of muscovite grains with a radius of 100μm
[Harrison et al., 2009]. In contrast, at higher temperatures, syn-deformation mica develops above its closure
temperature, meaning that it is the cooling of the system that is represented in the 40Ar/39Ar ages.
Accordingly, we interpret the 40Ar/39Ar ages for our samples as representing the timing of deformation,
rather than cooling ages.
The samples analyzed by 40Ar/39Ar were extracted from S2 and S3 domains, but whether or not they record the
timing of these two deformation phases is an open question. The development of crenulation cleavage, assisted
by pressure solution, may involve reorientation of preexisting grains with or without new mica growth
[e.g., Gray, 1977; Mancktelow, 1979]. Microstructural observations and EDS analyses of the dated sample
(Figure 9) show that muscovite grains from both S3 and the S2 are chemically indistinguishable and are
progressively rotated toward the orientation of the younger fabric element (S3). It seems, therefore, that the
development of the S3 crenulation cleavage did not involve newmica growth. This may explain the overlapping
ages that we obtained from the S2 and S3 cleavage domains (~275–267Ma and ~268–265Ma, respectively).
Alternatively, it is possible that minor growth occurred during the development of the S3 fabric and that
the 1–2mm sample analyzed contained mica grains from both S2 and S3 fabrics. An additional option is
that the 40Ar/39Ar ages accurately constrain the timing of F2 and F3 deformation, meaning that both
phases of deformation occurred during a relatively short period that is within the error of the 40Ar/39Ar
technique. Given the fact that we did not clearly observe new mica growth in the S3 fabric, we prefer
the ﬁrst option, which implies that our 40Ar/39Ar results constrain the timing of the F2 deformation,
temporally placing it at 275–265Ma.
Three additional 40Ar/39Ar plateau ages of S1/S2 fabric were reported previously from other areas in the
Nambucca Block [Ofﬂer and Foster, 2008]. However, the reported ages of 264.2 ± 1.2Ma, 261.7 ± 2.4Ma, and
260± 2.2Ma were calculated based on an age of 97.9Ma for the neutron ﬂuence monitor GA-1550 biotite
standard. Recalculating these ages using the more recently proposed age of this standard (98.79 ± 0.96Ma)
[Renne et al., 1998] yield ages of 266.5 ± 1.2Ma, 264.0 ± 2.4Ma, and 262.5 ± 2.2Ma. These ages overlap with
the youngest results obtained in the present study.
6.2. Structural History of the Nambucca Block
Deformation in the Nambucca Block involved four generations of structures (Figure 2). The ﬁrst generation of
folds (F1) exhibits mesoscopic and microscopic deformation that indicates horizontal N-S shortening. Based
on the mesoscopic folds, Johnston et al. [2002] provided a minimum estimate of 16% for the amount of
shortening. However, the evidence for a strong ductile fabric dominated by quartz-mica domains
(Figure 10b) suggests that, at least locally, shortening strain was considerably higher (>30%) [e.g., Ghassemi
et al., 2010]. Structures associated with this phase of deformation are best preserved in the central coastal
outcrops of the block and in F2 microlithons in the northern part of the block (Figures 2, 8b, and 13).
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A second phase of folding (F2) was responsible for the development of the dominant fabric in the
Nambucca Block and for mesoscopic structures in the southern outcrops. The F2 structures consist of a
penetrative foliation and varying scales of folds with subhorizontal to gently inclined axial surfaces that
represent vertical ﬂattening and SE-NW contraction (Figures 2, 8a, 8b, and 11). The attitude of the S2 axial
surfaces is approximately parallel to the general trend of bedding within the Nambucca Block, with both
planar features subhorizontal to gently dipping (<30°) toward the northwest. This phase of deformation is
also associated with ~ E-W stretching lineations. 40Ar/39Ar ages constrain the timing of this deformation
phase to 275–265Ma.
The third phase of folding (F3) formed mesoscopic open folds and spaced cleavage planes. It represents a
milder deformation intensity of an ESE-WNW contraction. Similarly, the fourth phase (F4) exhibits incipient
spaced cleavage that represents a milder deformation intensity associated with SE-NW contraction
(Figures 8b and 10c).
6.3. Constraints on Oroclinal Bending
The Nambucca succession was deposited and deformed in the early Permian, simultaneously with the
development of the New England oroclines [Rosenbaum et al., 2012]. Its tectonic history, therefore, may
provide information on the origin of the oroclines. While the origin and geodynamics of the oroclines remain
unresolved, we attempt in the following paragraphs, to propose possible scenarios that are consistent with
our results and other spatiotemporal constraints (Figure 15).
Extensional deformation commenced in eastern Australia at ~300Ma and was responsible for the
formation of rift basins west of the NEO (Bowen, Gunnedah, and Sydney basins), accompanied by the
emplacement of voluminous S-type granitoids and high-temperature metamorphism in the Tablelands
Complex [Holcombe et al., 1997; Korsch et al., 2009a; Cawood et al., 2011a; Craven et al., 2012; Rosenbaum et al.,
2012]. The maximum age of deposition of the rift-related Nambucca succession [Asthana and Leitch, 1985;
Leitch, 1988] is constrained to 292.6 ± 2.0Ma based on the age of the Halls Peak Volcanics (Figure 1c), which
occur at the base of the succession [Cawood et al., 2011a]. This age is in agreement with detrital zircon ages
of 297±6Ma and 293±7Ma from the Nambucca Block [Adams et al., 2013].
The fact that extensional tectonismwas accompanied by crustal melting and high-temperaturemetamorphism
indicates that extension most likely occurred in a subduction zone back-arc, which is typically a hot tectonic
environment [Hyndman et al., 2005]. These conditions could have been generated by an eastward trench
retreat [Jenkins et al., 2002], which may have placed the former (Devonian-Carboniferous) fore-arc region in an
extensional back-arc setting. Following the suggestion of Rosenbaum et al. [2012] and Li et al. [2012b], we
propose that an initial curvature of the plate boundary was obtained during extension, due to along-strike
variations in the rates of trench retreat (Figure 15a). Similar processes are well known in modern
environments, such as the Mediterranean and southwest Paciﬁc [Schellart et al., 2002; Rosenbaum and
Lister, 2004; Rosenbaum and Mo, 2011]. In the New England oroclines, the initial extension-related curvature
was most pronounced in the northernmost and southernmost parts of the structure. The widening of
the Bowen Basin toward the north implies progressively higher rates of trench retreat in the northernmost
part of the structure, which gave rise to the precursor of the Texas-Coffs Harbour oroclines [Li et al.,
2012b]. In the southernmost NEO, we suggest that the Sydney and Barnard (i.e., Nambucca) basins
formed as extensional back-arc basins during northeastward trench retreat and associated counterclockwise
rotations [Geeve et al., 2002].
It is unknown when exactly extensional deformation terminated. However, from 288Ma to 265Ma, the
volume of magmatism in the southern NEO decreased substantially, with only minor record of magmatic
activity at 280–270Ma [Cawood et al., 2011a; Rosenbaum et al., 2012]. A number of authors have suggested
that during this period, subduction processes ceased and that the plate boundary was controlled by dextral
wrench faulting [Li and Powell, 2001; Ofﬂer and Foster, 2008; Veevers, 2013]. We adopt this interpretation to
account for the second stage of oroclinal bending in the Texas-Coffs Harbour Oroclines and for the ~N-S
contractional deformation (F1) in the Nambucca Block (Figure 15b).
The second contractional phase in the Nambucca Block (F2) occurred at 275–265Ma, and it involved
recumbent folding and associated subhorizontal to gently inclined penetrative foliation. The tectonic origin
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of this deformation is poorly constrained. However, the pronounced change in the orientation of folding in
comparison to the previous deformation phase (F1) may suggest that contractional deformation was
triggered by enhanced coupling at the plate boundary (Figure 15c). There is only little amount of magmatic
rocks from this period, but the occurrence of slab-breakoff-related volcanic rocks may suggest that the
transition to enhanced plate coupling involved plate boundary reorganization [Caprarelli and Leitch, 2001;
Li et al., 2014]. Nevertheless, further constraints are required to support this hypothesis.
The youngest contractional phases observed in the Nambucca Block (F3 and F4) are generally indicative
of ~ E-W contraction. This shortening orientation corresponds to other younger (265–230Ma) deformational
features throughout the NEO (Hunter-Bowen phase) [Collins, 1991; Holcombe et al., 1997; Li et al., 2012a],
which have likely ampliﬁed and tightened the oroclinal structure.
7. Conclusion
Four deformation phases were recognized in the Nambucca Block. The style, orientations, and temporal
relationships between these structures are in general agreement with previously described observations from
the central coastal outcrops of the Nambucca Block [Leitch, 1978; Johnston et al., 2002]. The timing of
deformation of the second phase (F2) is constrained by
40Ar/39Ar geochronology to 275–265Ma, consistently
with published 40Ar/39Ar ages [Ofﬂer and Foster, 2008]. The timing of deformation overlaps with the timing of
oroclinal bending, suggesting a genetic relationship between each other. We propose that the development of
the Nambucca Block during a period of extensional tectonism in response to trench retreat was accompanied
by the initial oroclinal bending, which was possibly associated with along-strike variation in the rates of trench
retreat. Subsequent deformation led to the development of F1 and F2 structural fabrics in the Nambucca Block,
Figure 15. Schematic tectonic reconstruction showing possible stages in the evolution of the New England oroclines. (a)
An early stage of oroclinal bending accompanied by the formation of early Permian rift basins, possibly associated with
trench retreat. (b) Dextral transpression and~N-S contraction leading to the development of the S1 structural fabric in the
Nambucca Block. (c) Tightening of the oroclinal structure involving recumbent folding, possibly in response to enhanced
coupling at the plate boundary. Abbreviations: Bo - Bowen Basin; Ch - Coffs Harbour; Gu - Gunnedah Basin; H - Hastings
Block; Na - Nambucca Block; Sy - Sydney Basin.
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with the former involving~N-S contraction between the Coffs Harbour Block and theHastings Block, possibly in
response to the dextral transpression, and the latter, associated with~ SE-NW contraction that was responsible
for tightening the oroclinal structure. Our constraints do not fully explain the geodynamic origin of the New
England oroclines, but they provide new insights into the style and timing associatedwith their formation and a
possible explanation for the opposite vergence of the northern and southern parts of the structure.
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